Soybean meal is the world's most important source of protein for poultry and livestock. Due to frequent contamination of Salmonella, soy is since long unfortunately also found to be a high-riskfeed material for the introduction of Salmonella to the animal food production. This chapter focuses on the importance of biosecurity and hygiene in the production of soy-based animal feed. Those strategies and methods found to be effective tools for the production of a Salmonella-safe soy feed material in crushing plants and feed mills are reviewed and presented. It is also shown that the implementation of those methods at a limited cost can prevent animal feed from being the weakest food safety link in the food chain.
Introduction
This chapter focuses on the importance of biosecurity and hygiene in the production of soybased animal feed to avoid the spread of Salmonella to the animal food production making animal feed the weakest link in the food chain.
Soybean meal is considered as the world's most important source of protein for poultry and livestock [1] . In a corresponding way, Salmonella is a major food-borne pathogen, which globally is estimated to cause 93 million enteric infections and 155,000 diarrheal deaths each year [2] . Salmonella is most often detected in meat and animal-derived food products, which are the primary source of Salmonella when spread to humans following consumption of poultry, beef, pork, eggs, and milk. Vegetables and other food products can also be a source if contaminated with feces from Salmonella-infected animals [3] [4] [5] .
In order to reduce the burden of human salmonellosis, efforts are directed to reduce the prevalence of Salmonella in the animal production including the animal feed. Like in humans, Salmonella is thus an orally acquired infection and the key route of transmission and Salmonella-contaminated feed is in both pigs and poultry found to be a major source of Salmonella [6, 7] which most likely is the case also for other food animal species.
Salmonella-contaminated soybeans and soybean meal are further found to be riskfeed materials of special importance for introducing Salmonella into the animal feed and the subsequent animal food chain [8] . Soy-based feed materials are of special importance because of not only being widely used but also being widely distributed, e.g., from South America to Europe. Possibly occurring Salmonella contamination in soy feed materials can thus be widely transmitted between countries and continents in case HACCP (Hazard Analysis & Critical Control Point)-based program and associated control measures are not in place.
Following an overview of the usage of animal feed, the object of this chapter is to describe the strategies applied for producing Salmonella-safe soybean meal and compound feed based on a review of current knowledge and experiences.
Usage of major feed materials
Animal feed includes a variety of different feed materials primarily of vegetable and, to a limited extent, also of animal origin. Cereals and forages are the major feed components. In addition, fast-growing animals such as broiler chickens and fattening pigs, as well as highproducing animals such as dairy cows and laying hens, require more protein-and energy-rich feed components. The feed composition varies by animal species, type of production, and geographic regions. Statistics are available from different sources and in this chapter exemplified through data from Europe (EU28) provided by European Feed Manufacturers Federation [9] . For EU28 about 49% (233 million tons) of the feed consumed by the livestock was grown and used on the farm of origin (mostly roughages). Of the feed material or compound feed crushing plants for oilseeds, sugar-producing plants, distilleries, and starch factories. The special importance of the soybean crop also for the global food supply is that soybean oil is the world's most widely produced and widely consumed vegetable oil. Of the feed materials used by the EU/28 feed industry 2014, 28% were cakes and meals and soy meal accounted for 60% [9] . Meat and bone meals from slaughter or rendering plants are currently banned in the EU and elsewhere since the BSE (bovine spongiform encephalopathy) crisis in the 1990s.
Globalized feed supply
In the same way as for food, the supply of animal feed for most countries is no longer solely based on domestic production. In a country like Sweden, only 72% of the non-forage feed materials for both swine and poultry are of domestic origin and for cattle the proportion is even lower (62%). Soybeans are rarely grown in the EU as well as in several countries elsewhere with a similar climate in contrast to, e.g., USA. The EU feed industry is therefore dependent on importing vegetable protein, with soybeans or soya bean meals being the major products. These are imported mainly from South America where Argentina and Brazil are the major producers. According to the European Feed Manufacturers' Federation (FEFAC), the self-sufficiency in EU28 is 2% for soybean [9] . The protein from soybeans is essential because it can only to a limited extent be replaced by, e.g., rapeseed meal because the latter contains higher levels of anti-nutritional factors.
Feed production: special reference to soy

Crushing and crushing industries
The oilseed processing involves the disaggregation of seeds, such as soybeans, palm kernels and rape and sunflower into crude vegetable oil, animal feed, and fiber. The crude oil is refined into food-grade, or may be used as an industrial or fuel feedstock. This process aims to release the oil and involves different methods for pressing or crushing the oilseed, the reason why these industries often are called "crushers." The crushing involves either the use of a screw/ expeller or hydraulic press between plates. Due to friction in the screw, the temperature is raised up to 130-140°C, higher than in hydraulic press. Generally, the material in the crushing plants reaches >100°C for 20 min [11] . The product after the crushing is called cakes which usually are ground to a meal. Solvent extraction is also done, typically with hexane, resulting in extraction meal which further is toasted or heat treated. The meals obtained are the typical feed ingredients and used under different names which reflect the different production methods applied that consequently affect their nutritional properties and often also the hygienic quality.
The crushing plants are either located in the seed production area or at the area of animal production or close to harbors. This is the case for soya beans and, e.g., Brazil's export to Europe is either soybean meal, crushed in Brazil or soya beans to be crushed in Europe. These products are transported by ships to the larger harbors of Europe for further transportation by smaller vessels or trucks to crushers or feed mills. To a certain extent, soya bean meal is also directly transported to and mixed into compounded feed at farms.
From the point of risk management of Salmonella contamination of feed, it is interesting to note that the majority of feed and crushing industry is concentrated to a very limited number of large often globally operating companies. In the EU, more than 75% of the Europeancrushing capacity belongs to a small number of major international groups and the majority (80%) of the oilseed producers ("the crushers") are organized in the EU Oil and Protein meal Industry; FEDIOL [12] . Another major player is COCERAL [13] composed of national feed trade organizations, indicating the international activity of the supply of feed materials to the food animal production industry. In the USA, NOPA [14] represents 12 companies including 57 plants that process soybeans, accounting for approximately 95% of all soybeans that are processed (crushed) in the United States.
Feed mills-compound feed
Compound feed is produced in feed mills. In contrast to the case of feed ingredients, the trade and distribution of the finished rations are usually regional. The feed is produced in large volumes and even a medium-sized plant can produce around 20 tons of compound feed per hour and usually operates 24 h/day and 5-7 days a week [15] .
Although the size, age, and technical construction may vary between feed mills, they have similar functions in common (as illustrated in Figure 1 ). Their basic functions include handling and storage of incoming ingredients, the processing of the ingredients, and the conditioning and heat treatment of feed. These functions include different steps [16, 17] .
After mixing, the mixture of feed ingredients is transported and stored as meal or mash feed in the finished-product bins, or for heat treatment in a conditioning and pelleting process which [17] . 1. Intake pit for trucks, 2. Pneumatic intake for liquids, 3. Intake hopper for bagged ingredients, 4. Elevators, 5. Storage bins for ingredients, 6. Scales, 7. Grinder, 8. Pre-mix bins for premixes, vitamins,and so on, 9. Mixer, 10. Conditioner and pellet press, 11. Pellet cooler, 12. Storage bins for compound feeding stuffs, 13. Feed truck being loaded at out-loading gantry. Red arrows show the physical separation between "clean" and "nonclean" parts.
Soybean -The Basis of Yield, Biomass and Productivityare of special importance in relation to Salmonella contamination. Conditioning, followed by pelleting in a pellet press or expanding are the usual processing procedures performed in most feed mills when heat-treated feed is manufactured, although meals may also be heat treated, e.g., for poultry-breeding flocks in some countries.
Typically, the meal is introduced into the conditioner where steam is added to raise the temperature to a preset level. Conditioning and pelleting combined result in exposure of the feed to temperatures from around 50-90°C. The moisture content of the feed after pelleting is approximately 15% and is cooled to ambient temperature and dried to approximately 12-13% as rapidly as possible to prevent condensation in the transport equipment and storage containers. After processing, the feed is stored a short period of time in silos or out-loading bins for compound-feeding stuffs before being transported to the farm. It is a feature of modern feed production that there is very limited storage capacity and most feed is dispatched within hours of production, so there is normally no opportunity for test and release programs.
The design and construction of the feed plant will to varying degrees allow effective physical separation of the clean (post-processing) and non-clean (ingredient storage and handling) parts of the production and likewise permit effective cleaning measures. The buildup of dust is a factor inherent in feed manufacturing. Therefore, adequate dust aspiration systems and vacuum line-cleaning equipment in the feed mill are important to keep the mill in a clean condition. It is also important that the aspiration of dust is not done with systems that contribute to the circulation of potentially Salmonella-contaminated particles in the mill.
Oilseed meal in farm-level production
Although a substantial proportion of animal feed is home-produced on farm, for certain sectors, and in particular for poultry, the majority of the feed is bought in as compound feed. For ruminants, the predominant part of the feed ration is generally home-grown or local forage and cereals. For pigs, around half of the feed is usually homemade, and in the UK the Meat and Livestock Commission has estimated that around 40% of feed produced for pigs is home-produced. Purchased feed is occasionally non-heat-treated meal, but is usually heattreated-pelleted feed.
Home-mixed feed is rarely pelleted and never heat-treated and should be considered as a risk when farmers as feed ingredient use soymeal of unknown Salmonella status. When available, by-products from the food industry such as whey, brewers, or distiller's grains and bakery waste are therefore included in non-poultry diets. This may involve the use of liquid feed systems.
Salmonella contamination of feed
Evaluation of published date
The result from those numerous studies found in the scientific literature and the gray literature on Salmonella in animal feed requires careful evaluation. As an example, a systematic review found that only 277 out of 5071 publications in English were considered to be relevant for the assessment of feeding management practice and Salmonella prevalence in live and market-weight finisher swine [18] . The sampling procedures usually differ and typically have a low sensitivity for detecting Salmonella contamination, and may well lead to underestimation of the level of contamination [19] . In the absence of harmonized-sampling procedures, results from testing of feed in different countries or in different studies are difficult to compare. The results of testing should be viewed as representing a minimum level of contamination. The same can be said for the data reported to the European Food Safety Authority (EFSA) from 19 Member States during 2008, in which Salmonella-positive findings ranged from 0 to 3.6% in cattle and pig feed up to 8.3% in poultry feed [20] .
Results of various studies also need to be related to the actual Salmonella situation. The EUharmonized studies have thus revealed significant difference between Member States for the Salmonella status of poultry and swine and associated food products [20] . Similarly, there is a wide variation between the control actions applied in feed and animal production-from non-acceptance of Salmonella contamination to no actions taken.
Documentation of the importance of Salmonella in feed as well as of interventions requires that Salmonella contamination from other sources than feed can be excluded which is most easily achieved and performed in countries with a low level of Salmonella contamination as indicated in this review.
Detection and sampling
Method for detecting and sub-typing
Authorized methods for the isolation of Salmonella from feed and feed-associated samples follow standard bacteriological procedures, namely ISO 6579 and NMKL-71 [21] . The same methods are principally also applied in the food industry and on samples from different environmental as well as clinical sources. Modified semisolid rappaport vassiliadis (MSRV)-based methods have been shown to be suitable for testing of feed [22] . An official authorization also of their use for feed and foodstuffs as well as for samples from primary food animal production would offer significant benefits in terms of harmonization across the food chain. There may be strain variations and situations when existing Salmonella bacteria may be more difficult to isolate, but the above methods should in a reliable way detect Salmonella contamination in a sample as the level of competing flora is normally low.
Immunological (enzyme immune-linked sorbent assay (ELISA)) and molecular polymerase chain reaction (PCR)-based methods are available for an indirect and potentially faster detection of Salmonella contamination and identification of negative samples as a complement to the standard bacteriological procedures [21, 23] . These are sometimes used to screen ingredients before processing or by primary poultry-breeding companies to test stored feed before placing on breeding farms.
However, direct methods with isolation of the microbe are needed for the sub-typing into serovars which is required for tracing and epidemiological studies. It should be highlighted that there is a risk that not all serovars present in a sample will be detected by these methods, if only one colony is selected for the final confirmation. A further sub-typing of isolated serovars, e.g., by pulsed field gel electrophoresis (PFGE) or variable number tandem repeat (VNTR) facilitates tracing and is useful when different strains of the same serovar or phage type occur [24] . A combination of antimicrobial resistance pattern and sub-typing result may add additional discrimination.
Sampling methods
A major challenge is how to design a suitable sampling protocol to substantiate freedom from Salmonella contamination to a defined level of confidence, in particular in large volumes of feed or feed ingredients, e.g., in a truck or a shipload. In contrast to a herd of animals, which is made up of a defined number of discrete sampling units-the individual animals, no corresponding unit exists for feed. Instead, a 25-g sample is often used as a sampling unit and "freedom" from Salmonella defined as absence in the number of specified samples examined.
The problem is that the absence of Salmonella in the samples does not verify true Salmonella absence in a feed batch.
The testing of a selected number of samples in these situations should give a representative measure of the Salmonella contamination in the whole lot. The selection can be based on different methods such as simple random sampling, stratified random sampling, and systemic random sampling according to principles described in different ISO-documents and elsewhere. However, uncertainties exist, in particular relating to the uneven distribution of the low concentration of Salmonella contamination that is typically present in feed. Different statistically based models and methods have been worked out to address this challenge as described and reviewed by Biotracer [25] . This is an integrated EU project established in 2007 with one of the objectives to suggest sampling for tracking and tracing contamination of Salmonella along the feed chain. An EFSA opinion on microbial contamination of feed also highlighted the need for harmonized and validated methods [8] .
Only a few countries are known to have implemented such sampling protocols, and in the absence of harmonized sampling or harmonized regulations for the control of Salmonella in feed or in feed production, there seems to be no agreed standard methods available for ensuring freedom of Salmonella, e.g., in a feed ingredient before used in feed production or of a compounded feed as a guarantee for a farmer. When a control is applied, testing for "freedom in a 25 gram sample" is often used, but freedom in one 25-g sample of feed gives very unreliable information on the contamination in the situations described above [26] . Foster found that testing around 60 negative 25-g samples was required to conclude with 95% confidence that the contamination level is less than 1cfu per 526-g feed, which indicates the level of sampling that would be required to provide a meaningful result [27] .
Testing of the final product alone is thus usually not sufficient to ensure Salmonella freedom. However, it is possible to ensure that a feed in practice is free from significant levels of contamination by Salmonella if instead the whole production process is controlled. A Salmonellafree feed could thus be defined as coming from a "Salmonella safe feed production," since the possible contamination of Salmonella is so low that it is very unlikely that it would result in an infection in animals consuming the feed. The official approval of feed mills could be based on the existence of an appropriate HACCP-based control and the use of associated strategies for interventions. This approach is successfully applied in Finland, Norway, and Sweden and is also found to be effective when applied for crushing plants for rapeseed [28] and soya beans [29] .
If oilseed meal cannot be obtained from crushing plants under appropriate and effective HACCP program for the control of Salmonella, their products should be tested before introduction to the feed mill as applied in Sweden [30] . The surveillance of such high-riskfeed ingredients is based on a sampling procedure which takes into consideration an uneven distribution of Salmonella contamination and is designed to detect contamination in 5% of the batch with 95% probability [31] . The size of the analytical sample is 25 g and usually eight samples are analyzed, each consisting of 10 pooled sub-samples of 2.5 g.
A representative sampling meets large practical difficulties in particular from large volumes of feed or feed ingredients that seemingly are inaccessible. To overcome these problems, it is advised to "sample in a moving stream" meaning that samples are taken when the commodity is circulated. This can be done manually or by the use of an automated inline statistical sampling device.
Salmonella in different feed materials
Animal-derived protein
Animal-derived protein has historically been found to be contaminated by Salmonella. From USA, several studies describe a high rate of contamination in by-products of animal origin. For example, 43 serovars of Salmonella were isolated from 175 (18%) of 980 samples of such products from 22 states [32] , or 28 serovars from 37 (18.5%) of 200 samples of poultry and other animal by-products used in poultry feeds [33] . In a third study, 13% of 5712 samples of bone meal, feather meal, fish meal, and egg products were Salmonella contaminated with 59 serovars [34] . Similar observations were made in Europe. The heavy contamination that could occur in these feed ingredients was demonstrated when up to 12 different serovars were isolated in a single contaminated batch, which in fact in Sweden in 1960 initiated an organized control program for Salmonella in feed, in particular for high-risk products such as animal-derived protein [35] .
The source of the contamination appears to be carcasses from Salmonella-infected animal that are subject to an ineffective rendering process. Before the BSE crisis, animals that might have died from different infections, the so-called fallen stock, was also generally rendered, resulting in the risk for feed-borne spread also of other infections, and, e.g., anthrax was found to be spread to swine herds fed contaminated meat and bone meal [36] . The treatment in the rendering process [133°C for at least 20 min at 3 bar pressure to inactivate TSE (transmissible spongiform encephalopathies) agents] should destroy all incoming Salmonella. However, as for crushing plants and feed mills, there is a significant high risk of recontamination from a Salmonella-contaminated environment in the absence of effective hygienic routines [8] and leaking cooker seals can contaminate expellers with fluid from incompletely cooked material. The introduction of Salmonella through fish meal highlights a risk from proteins derived also from fish [4, 37] , although it is uncertain if the fish themselves are the primary source of such contamination.
Vegetable proteins
Long-term experiences and data from several countries have highlighted and verified that vegetable proteins, cakes and meal, are frequently contaminated by Salmonella. In a comprehensive study from Poland, based on an annual examination of up to 80,000 batches of feed up to 15.0 and 15.4% of imported lots of soya bean and rapeseed meal were, respectively, found to be Salmonella-contaminated in 2005-2007 [38] . Salmonella is frequently also isolated from consignments of vegetable proteins which are tested before being used as feed ingredients in Sweden. During 2004-2005, 5250 pooled samples were analyzed from 795 consignments and 14.6% of the soybean meal and 10.0% of the rapeseed meal samples were contaminated [30] . When the majority of the imported soy was from South America, 20.1% of the consignments were contaminated and even higher levels, up to 30%, were regularly found in previous studies [39] . The frequent isolation of Salmonella from vegetable proteins is in agreement with several observations from different countries [8, 15] . However, a direct comparison of data from different studies is difficult due to differences in sampling and testing procedures [40] . This is illustrated in a Danish study where a low-sensitivity sampling program (i.e., one sample per batch/shipment of imported soybean meal) detected 35 isolates of Salmonella during 1994-2003 compared to 1086 isolates when 22 shipments were investigated during 2004 with a more intensified sampling [41] .
Palm kernel and maize gluten are other feed sources of vegetable protein from which Salmonella also frequently is reported. Experiences indicate a lower prevalence and in one study 9% of 67 batches of maize meal and one of 127 batches of palm kernel meal were Salmonella-contaminated during a 2-year period (2004) (2005) [30] . The EFSA zoonoses report data also point out oilseeds, e.g., soya bean products, as a risk factor for introducing Salmonella into the feed chain [20] .
In summary, oilseed feed ingredients are often contaminated by Salmonella although it is difficult to compare the level of contamination between different studies due to variation in sampling and culture techniques applied. From an epidemiological point of view, there is a need to raise awareness in the industry that raw oilseeds and pulses may already be frequently contaminated before entering the crushing plants. There is also a need to reflect why in particular certain feed ingredients are frequently Salmonella contaminated, often with several serovars of Salmonella. Apart from in-house contamination in crushing plants and feed mills as well as contamination during transport and storage, studies indicate that, e.g., soybeans often are heavily contaminated already when entering the crushing plant. In a Norwegian plant-crushing-imported soybeans, dust samples from the arriving beans are taken upon arrival, as part of the HACCP control. During a 19-year period (1994-2012), Salmonella was on an annual average isolated from approximately 34 (12-62)% of the samples and in total 94 different serovars were identified [29] .
Data on Salmonella contamination at the growing cite of soybeans seem to be lacking. However, it is logical to suggest that like for vegetables, soybeans may be contaminated by Salmonella-contaminated water used for irrigation or through manure used as fertilizer (i.e., "For example, see [42] "). This part of the Salmonella epidemiology requires further studies but indicates an infection cycle of Salmonella including links of fecal contamination from both humans and animals.
Grain and forage
The other major feed ingredients, grain and forage, are not primarily considered as high-risk products for Salmonella contamination of feed. When these feed materials are found to be Salmonella contaminated it is considered as a result of contamination from wildlife and during storage as further described below [43] .
Methods of prevention and control
The prevention and control of Salmonella contamination of feed requires an integrated approach involving all links of the feed chain. Experiences have shown that there is no silver bullet that can meet all the challenges involved. Instead, a combination of precautions and actions is needed and an overall strategic approach is required to avoid being lost in details. Jones [44] has thus separated the control measures into three major strategies: prevention of contamination, reduction of multiplication, and procedures to kill the pathogen. It is helpful to consider an overall flow chart of the possible sources of contamination throughout the process [45] . A conceptual model is described for the pig feed chain, which can be adapted and applied to formulate a control program for the feed chain in question [15] .
It should initially also be emphasized that it is possible to produce Salmonella-free feed under commercial and industrialized conditions as demonstrated by the fact that it is safe, even for broiler chickens. The young broiler is very sensitive to per-oral exposure to Salmonella and it is reported to be possible to become infected from ingestion of even few very Salmonella bacteria [46] . In the Scandinavian countries (Sweden, Norway, and Finland) with a long tradition of control of Salmonella in feed and broiler chickens, the incidence of Salmonella in broiler production is found to be very low when each flock is tested before slaughter [20] .
Feed mills and crushing plants
Although many experiences on the control of Salmonella in feed mills have not been published in scientific literature, the major risks for Salmonella contamination of compounded feed are identified and also ways to minimize those risks, (i.e., "For example, see Ref. [39] , several studies by Davies and coworkers [19, 43, 47] The data and advice in this chapter, which mostly focuses on feed mills, can be used also for crushing plants which work under similar hygienic conditions. This reflects that published data on hygienic routines and Salmonella control in crushing plants are surprisingly rare and contrasted with the importance of oilseed meals as a potential major source for the Salmonella contamination of feed mills and subsequently of food animals and of the food chain.
Major risk
Long-term experiences have demonstrated that the major primary source for Salmonella contamination of feed mills and the compounded feed is Salmonella-contaminated feed ingredients, e.g., [48] . Monitoring of nine feed mills revealed that the intake pits were the most frequently contaminated sampling site and on average 24% of the samples were positive for Salmonella [47] . This risk is rather similar for all feed productions using vegetable proteins, which is a high-risk product for Salmonella contamination. In the EU, this in particular concerns soybeans or soybean meal out of which 98% is imported from South America [9] and also domestically produced rapeseed meal as well as some animal-derived proteins when used. In all countries, there is thus a continuous risk for introducing Salmonella to the food chain via Salmonella-contaminated feed ingredients [8] .
To minimize the risk described above, the most logical approach would be to prevent or eliminate Salmonella contamination as early as possible in the feed chain. In the case of the soybean meal, the focus of this chapter, Salmonella, should ideally have been already eliminated at the crushing or rendering plants. As described above, the process in these industries normally includes heat treatment that should readily eliminate Salmonella contamination and if recontamination is avoided, it would allow the production of Salmonella-free feed ingredients. However, available data indicate that it is generally not the case. Data on Salmonella contamination in crushing plants indicate the frequent occurrence of environmental contamination and cross-contamination, including re-contamination of heat-treated products [44, 49] . However, data from certain crushing plants also demonstrate that in spite of heavy Salmonella contamination of incoming soybeans (mean 30% of dust samples), it is possible to produce soybean meal which, based on testing and epidemiological experiences during several years, is found to be free from Salmonella [29] . Similar experiences exist from a rapeseed-crushing plant using the same control strategies as advised for feed mills [28] .
The Salmonella-contaminated feed ingredients including soybean meal put an extra pressure on the feed mills to reduce the risk that incoming Salmonella is transmitted to the compounded feed. A strategy applied in Sweden to minimize this risk is to categorize the feed ingredients according to risk for Salmonella contamination. The high-riskfeed categories have to be tested negative for Salmonella contamination before being used for feed production. They are not allowed to enter the feed mill before a negative test result is at hand. Consignments found to be Salmonella contaminated are decontaminated by organic acids followed by re-testing with negative result before use [30] .
As described below, heat treatment can be used to eliminate remaining Salmonella contamination. However, on an EU level, only 30-40% of the industrial feed is estimated to be heat treated [15] , which emphasizes the importance of the Salmonella status of the feed ingredients. In the absence of heat treatment, Salmonella from contaminated feed ingredients easily is transmitted to the compounded feed. In such situations, the feed production does not include any specific processes aiming at reducing Salmonella contamination unless subsequently chemical treatment is applied. The observed decrease in the concentration of incoming Salmonella microbes in such production lines is primarily a result of dilution [19] .
A second major source for Salmonella contamination at the feed mill is Salmonella-infected animal vectors which can contaminate feed ingredients during storage, at the intake pit as well as of the compounded feed. Salmonella was frequently (10 out of 51 samples) isolated from wild bird droppings from intake pit areas but also from warehouses and out-loading gantries and similar experiences are gained from other countries [47] . Salmonella typhimurium from wild bird is a particular concern. When feed materials are stored in open flat silos, rodents and cats may be additional sources for contamination of the feed material. Epidemiological experiences also suggest that birds, through fecal shedding, can infect animals via contaminated feed. The significance of this route was illustrated when virulent Newcastle Disease Virus, PPMV-1, in 1984 caused 22 outbreaks in chickens. It is widely accepted that the source of the PPMV-1 was poultry feed contaminated with feces from infected feral pigeons [50, 51] .
Feed mills are thus attractive to birds as well as rodents if feed spillage and dust are not carefully and continuously removed from the environment. Such dust is thus often found to be Salmonella contaminated and wild birds, rodents, as well as humans can serve as vectors for contamination of the feed production [15] . To minimize these risks, the external environment of feed mills should be kept clean and in addition to rodent control, wild birds should be prevented from nesting and perching in roof spaces and gantries to avoid risk for direct and indirect fecal contamination of the feed.
In addition to the previous risks of external contamination, the cooler area is identified as probably the most important risk due to its potential to multiply a Salmonella contamination from incoming organisms that have survived the heat treatment process or have been introduced by the cooling air, if applied. The heat treatment associated with the pelleting process is thus also a potential hazard because steam is added to the feed. It is essential that this humidity as well as the heat is rapidly removed, which is done in the cooler by large volumes of air [44] . If the feed is not properly cooled, the cooling area can act as an incubator, allowing for fast multiplication of existing Salmonella microbes. Such contamination can not only directly contaminate the compounded feed but also establish a contamination in moist and fatty aggregates that can persist and act as a source for recontamination of the feed [47, 52, 53] .
Experiences have shown that it is important to avoid the introduction of Salmonella by the cooling air. The air inlet to the cooling should be placed externally so that contamination by dust from, e.g., potentially Salmonella-contaminated feed ingredients, is minimized and the air is passed through a filter that removes dust and particles.
In order to avoid bacterial growth, experiences have demonstrated the need to avoid moisture in the whole-feed production system [43, 44] . Moisture can be caused by water cleaning, leakage, and condensation. In addition to the cooler area (see above), condensation of water may thus also occur in other places inside the feed transport systems as well as during storage [15, 44] . Experience from certain feed mills has also shown the existence of an in-house contamination indicated by the recurrent isolation of certain serovars of Salmonella during a period of many years in spite of various interventions [30] . This indicates that certain strains survive at unidentified spots or may be adapted to survive, e.g., by the help of bio-film formation [54] .
There is also a need to develop methods for inspection and dry cleaning of the interior of the production line. Davies and Hinton [43] have highlighted the problems associated with inspecting certain coolers and the removing of internal coatings. The mills, in particular those of older age, are not constructed to meet hygienic requirements for cleaning and disinfection and access to critical sites to allow inspection and cleaning of the inside of production lines [43] . When found necessary, new openings for inspections are required as well as in critical situations modifications of the basic building constructions or equipment to overcome recurrent problems [55] . Decontamination of persistent contamination is demanding and requires special competence and in difficult situations dismantling of the whole process line has been found necessary [16, 43] .
Heat treatment
Various studies have verified the Salmonella-reducing effect of heat treatment (i.e., "For example, see [11] "). It is reported that heating between 80 and 85°C for 1 min in most cases should eliminate Salmonella [53] . However, the elimination is dependent on the level of initial contamination and the set temperature and time range may not be reached to all parts of the feed [11] . Certain strains of Salmonella may also be more resistant to high temperatures which might explain the occurrence of Salmonella in feed following heat treatment [56, 57] . However, it is also reported that Salmonella contamination following heat treatment is most likely caused by internal contamination of the cooler [19] .
The initial period after shutdown of the production before the intended temperature is reached is identified as a risk. Destruction or manual recirculation of the first feed produced before the set temperature is reached or during temperature dips is applied to avoid that contaminating Salmonella may survive due to too low temperature. Processes with automatic recirculation have been applied but found to be a risk for residual Salmonella contaminations. Another approach is therefore to automatically avoid the process to start until designated working temperature is reached.
It is important to note that the purpose of pelleting and the associated heat treatment is primarily to improve feed conversion and the handling qualities and feed intake, and not the hygienic feed quality although its hygienic potential early was recognized [58] . Temperature and time limits for the process are therefore guided to meet also nutritional requirements and exposure of the feed to too high temperature may have negative effects on certain feed ingredients such as amino acids and vitamins. As a complement to experimental data, empirical field data may give a more realistic result of the efficiency of heat treatment for eliminating Salmonella. Treatment at approximately 80-82°C for 30 s as generally applied by the feed industry in Sweden is found to result in Salmonella-safe poultry feed as described above. In summary, it is not possible to specify a minimum temperature and time range that under all conditions would be sufficient to eliminate contaminations of Salmonella in the industrial feed production [59] . Instead, as is applied in the food industry, monitoring of Salmonella and enterobacteriaceae contamination is used to ensure the efficiency of the process.
Dry storage
In the same way as it is important to prevent and reduce contamination of Salmonella at all steps of the feed production, it is equally important to prevent multiplication of possibly contaminating Salmonella microbes which can survive for considerable time in various materials [44] . Keeping all feed ingredients and the compounded feed under dry condition is therefore an essential requirement (i.e., "For example, see Ref. [44] "). In order to avoid microbial multiplication, grains should be dried to approximately 13-14% and oilseeds to 7-9% moisture content corresponding to a water activity of around 0.4-0.65 [60] .
Chemical treatment
Chemical treatment, mostly by organic acids, has been used to control Salmonella in feed production [8] . Such treatment seems to be used as a way to reduce or eliminate a Salmonella contamination from a batch of feed ingredients or as a general treatment of the feed fed to animals. The former use is applied, e.g., on feed ingredients found to be Salmonella contaminated before its use in feed production as described elsewhere in this document [30] . The latter use may have various reasons and in terms of Salmonella control it merely seems to be used in herds as a way to prevent intestinal colonization of Salmonella not only from feed but also from the environment [16] .
Formaldehyde, which is found to be efficient for microbial decontamination of equipment and animal houses, is found to be effective with higher activity than acids also for decontamination of feed (i.e., "For example, see [61, 62] "). Formaldehyde has been used in combination with organic acids in order to achieve a synergistic effect allowing lower levels of formaldehyde and acids which, e.g., minimizes operator and possible food safety hazard, which is a reason why the use of formaldehyde in the EU so far in feed industry largely is limited to equipment and feeding systems. According to the feed-additive legislation, formaldehyde is only authorized at community level as preservative for skimmed milk for pigs up to the age of 6 months and for all species or categories of animals as silage additive [8].
Dust removal and cross-contamination
Dust and spillages are often found to be contaminated by Salmonella and therefore suitable for sampling (i.e., "For example, see Ref. [19] "). Programs for avoiding and removing dust and spillage also inside feed mill operations are found to be another essential requirement for avoiding the buildup of a Salmonella contamination that easily can be spread by cross-contamination.
The odds of contamination increase each time feed is handled [44] and it is reported that some ingredients may be handled up to 15 times before transport to the user [63] . Trucks used for the transport of manure on farms must certainly, e.g., not be used for transport of feed ingredients to crushing plants and feed mills. The logistics and management should thus be designed to avoid cross-contamination and separate storage of ingredients and the compounded feed, thus separating the so-called clean and unclean parts of the mill. This also applies to workers and visitors and in-house routines and the use of, e.g., protective clothes. It should be ensured that equipment and tools for service and repair are kept separate for clean and potentially contaminated areas. In some feed mills, external service people are not allowed to bring in their own equipment in order to avoid external contamination in critical places and accordingly, e.g., installation of second-hand-processing equipment from other mills is a major risk.
HACCP including monitoring
The control of Salmonella in feed operation faces a continuously moving target. The risk for contamination varies over time but can never be excluded. An appropriate implementation of the control methods described above requires a careful planning as well as the design of a monitoring of Salmonella contamination. The monitoring should be based on the bacteriological examination for Salmonella of samples from dust and spillage [15, 19, 44] . This process should follow the same principles as in food safety programs and be based on hazard analysis and critical control point principles, HACCP [8] . This should also include strategies for interventions when Salmonella contamination occurs and most important their implementation when required. Due to the risk for contamination of the compounded feed and the built-up of in-house contamination, it is important to endeavor to control Salmonella contamination whenever it is found [44] . The challenges to avoid Salmonella contamination in feed mills also apply for crushing plants, and the outline of a HACCP program for a crushing plant is described [28] . The HACCP program has to be adapted to each feed operation.
For reasons described above, sampling only of the compounded feed is inappropriate. This was highlighted in Sweden in 1993 when sampling of the compounded feed was unable to detect a contamination by Salmonella Livingstone in a feed mill in spite that serovars during a 7-month period was spread by the feed from the mill and repeatedly infected flocks of broiler chickens at 15 producers [64] . Based on this experience and following a poultry producer demand, the feed control was changed from sampling the end product to sampling at critical control points. The aim was to detect contamination of Salmonella as early as possible in the production process starting at the intake. The following control points were identified: top of bin for final feed (compound feed), room for pellet coolers, top of pellet cooler, dust from the production line dust aspiration system (filter), and from intake pit/bottom part of elevator for feed materials [48] .This event also demonstrates that trace back investigations from Salmonella-infected herds can be used as part of a monitoring to detect the spread of Salmonella by feed [65] .
The proof of an effective HACCP program in a crushing plant or a feed mill is that Salmonella contamination actually over time is identified in the unclean part of the production chain but not or rarely in the "clean areas" and final products [29, Figure 2] .
Usually, most attention is paid to poultry feed because poultry is considered to be more sensitive to Salmonella exposure than, e.g., ruminants. Accordingly, heat treatment of feed is in some countries a legal demand only for poultry feed. However, feed for poultry and for other food animal species is often produced in the same mill. Although separate production lines including the transport to farms then should be applied, experiences have shown that cross-contamination easily occurs. In addition to experiences from cross-contamination with Salmonella, the risk for cross-contamination was typically visualized during the initial phase of the BSE crisis when feed intended for poultry and swine could end up in cattle feed. Other examples of cross-contamination are when medicals mixed into feed to one species have been observed in another animal species. A way to avoid such problems is to apply the same standard for the control of Salmonella in feed to all animal species. A risk assessment by EFSA has also stated that an overall requirement should be the final feed to all food animals is free from Salmonella [8] . When this is not the case, experience has shown that cross-contamination, e.g., between transports from feed mills to farms may occur if no through cleaning and disinfection procedures are applied. The importance of letting transport wagons as well as other equipment dry after cleaning and disinfection [43] is also emphasized.
Farm production
There appears to be very little literature concerning the risk for introduction of Salmonella to livestock as a result of home-mixing of feed although many studies are done in herds already being Salmonella infected [16] . In such studies, the possible effect of Salmonella-contaminated feed is usually measured only through the prevalence of Salmonella infections of animals being fed and are usually reported from countries and herds with a medium or high prevalence of Salmonella. Possible sources of the Salmonella infection in animals under such conditions are thus not only the feed but most likely to a much larger extent the result of direct and indirect transmission from neighboring animals although the initial source of introduction can have been the feed. The evaluation of the importance of Salmonella-contaminated feed in such herds and in particular when they are contaminated by several serovars of Salmonella (i.e., "For example, see Ref.
[66]") requires comprehensive epidemiological studies. These need to be based on adequate monitoring for Salmonella and if possible the use of moleculargenotyping methods that allows for tracing of a Salmonella infection [67] .
In a similar way as Salmonella-contaminating feed ingredients can be transmitted to the compounded feed in feed mills, this can also occur when such ingredients are used in farms. However, due to the difficulties to detect a Salmonella contamination as described above, Figure 2 . Isolation of Salmonella during 1994-2012 from a Norwegian plant-crushing-imported soybean (% of total samples). During the whole period, Salmonella (0%) was not isolated from the end products-not visible in the diagram. Source: Ref. [29] .
Soybean -The Basis of Yield, Biomass and Productivitythere are so far in practice no available simple methods for farmers to ensure that bought-in feed ingredients or compounded feed is free from Salmonella. Such a guarantee can only be obtained when the feed products are produced in mill or crushing plant operating effective control of Salmonella. A quality control to ensure freedom of Salmonella contamination of feed ingredients and compounded feed on the market would enable farmers to safe-sourcing procedures to minimize the risk of introducing Salmonella through the feed and this is of high priority for high-risk products such as soybean meal.
Significance of Salmonella in feed
Epidemiological aspects
A striking example emphasizing the potential of contaminated animal feed to act as a source of Salmonella infections in humans occurred when Salmonella agona emerged as a public health problem in several countries due to the widespread use of contaminated fish meal that was imported as feed material. In the period 1968-1972, a rapid increase of human infections with S. agona occurred in the United States as well as in Europe [4] . Since then, S. agona is among the most prevalent serotypes in humans. It is estimated that the serotype up to 2001 caused less than one million human illnesses in the United States alone since it was introduced in animal feed in 1968 [4] .
In older literature, Salmonella was sometimes referred to as a ubiquitous bacterium which, like, e.g., Escherichia coli, normally exists in the intestinal flora of animals and in the environment. This is a gross simplification and is not normally the case, in particular not for the major food animal species, and the occurrence of Salmonella in their environment and wildlife is usually a spillover effect from Salmonella-infected animals [68] [69] [70] . The epidemiology of Salmonella is characterized by a great potential to adapt to survival in certain animal species and in the environment. Although Salmonella under certain conditions also may multiply in environmental niches such as in the feed, their reservoir and major place for multiplication are infected animals (including wildlife) and humans following per oral ingestion. Salmonella is then excreted in feces during varying periods, often in large numbers in particular during the acute stage of the infection, e.g., 10
6-7 cfu per gram feces (i.e., "For example, see [71] 
").
As highlighted above, one of the major risk products for Salmonella contamination of the feed, the soybeans, is often heavily contaminated with a variety of serovars already when entering the crushing plant, which indicates links to fecal contamination from both humans and animals. Irrespectively of the primary source of this contamination, it is obvious that in the absence of effective Salmonella control of the feed probably for several decades, generations of food animals have been continuously exposed to Salmonella through their feed. This is likely to be the primary source of most of the Salmonella infection that is now resident in food animal breeding and production and in their environment in most countries.
Interestingly, the annual incidence of salmonellosis in humans in the industrialized world steadily increased from around the 1950s until it reached alarming proportions during the S. enteritidis pandemic in the late 1980s and early 1990s and annually in Germany alone was estimated to have caused two million human food-borne infections [72] . At that time, WHO (World Health Organization) concluded that the industrialization of food animal production had opened the door to the food chain for Salmonella.
The meat inspection procedures that were designed to ensure food safety by detecting lesions due to tuberculosis and zoonotic parasites such as Trichinella could not detect and eliminate carcasses contaminated with Salmonella. Apart from heat treatment, decontamination, and irradiation, there is still no effective means of ensuring Salmonella-safe food animal products for humans at the slaughter stage, or in the marketing of shell eggs, without effective control in primary production.
Following assessment of risk-mitigation options of Salmonella in swine and pork production [6] and in feed [8] , a quantitative risk assessment concluded that in both breeder and slaughter pigs, infected incoming pigs and Salmonella-contaminated feed are the major sources of Salmonella [6] . A similar situation is the case for poultry. The importance of feed is further emphasized in that Salmonella-free feed is required to maintain the breeding animals free from Salmonella.
Data that document the importance of Salmonella in feed as well as of interventions are most easily achieved and performed in countries with a low level of Salmonella contamination. In other cases as described above, in-depth epidemiological studies are usually required. In such studies, it is also essential to consider the time factor for accessing consequences of introduction of Salmonella as well as of interventions [8] . The S. agona introduced to USA and elsewhere by fishmeal in the late 1960s as described above is today not considered to be being feed borne though it is still regularly found in vegetable proteins and finished feed in many countries. The lack of targeted studies is probably a major reason why feed as a source of introduction of new serovars of Salmonella in animal herds often is underestimated.
Very few data are available on the possible human health impact of feed as a source of contamination, which also should vary with the preventive measures applied in the whole feed and food chain. In one study from Denmark, it was estimated that 2.1% of domestically acquired human Salmonella infections during 1999-2003 could be attributed to feed-borne serotypes acquired through the consumption of domestic pork and beef and the dominating source of Salmonella was contaminated by imported soybean products [73] . However, apart from less intensive sampling of the feed material, major human pathogenic serovars (S. typhimurium and S. enteritidis) with a special ability to establish themselves in food animal populations were not included in the estimation.
The time factor also has to be considered when assessing interventions against Salmonella contamination in feed. In regions or farms with a high prevalence of Salmonella in animals, isolated interventions against Salmonella contamination on feed cannot directly be expected to result in a lower prevalence in animals or on carcasses after slaughter because other sources for the infection are relatively much larger and need to be addressed simultaneously [6, 74, 75] .
Serovars involved
The Salmonella isolated from feed or feed ingredients includes a wide range of serovars and to some extent also those serovars frequently causing disease in humans, e.g., in Sweden 38 serovars of Salmonella were isolated from feed-associated sources during a 2-year period. Four (10.5%) of the serovars isolated were among the 10 most common isolates of human cases of salmonellosis in the EU, and 30 (78.9%) had also been isolated from human cases of salmonellosis diagnosed in Sweden during a 10-year period [30] . Salmonella serovars that frequently are causing infections in both animals and humans, e.g., S. enteritidis and S. typhimurium, are regularly isolated from feed [8] . When animals are exposed to such strains, they have a potential to multiply and spread on the farms and by trade to other farms as well as to humans following slaughter.
In another study of soybeans, 94 serovars of Salmonella were during a 19-year period isolated from soybeans dust samples during unloading of all shiploads from South America to a Norwegian-crushing plant. Those serovars included nine (90%) of the EU 2012 top 10 serovars isolated from clinical cases of salmonellosis in humans, including major animal pathogenic serovars such as spp. Typhimurium and Enteritidis [29] .
Only a limited number of the serovars normally cause disease in animals and the majority appears to be transient colonizers of the intestine. However, some of them can become adapted to certain animal species which facilitate their survival and spread. From the beginning, around 1980s, this was observed in Europe when a sharp increase in the prevalence of S. derby in swine occurred in several countries [76] , probably because that serovar had become adapted to swine [77] . Another important example is S. enteritidis phage type 4 which during the 1980s appears to have adapted to poultry and infection of their eggs leading to a rapid spread in the world poultry production and a pandemic spread also in humans. S. enteritidis is since then the major Salmonella serovar-causing food-borne illness in humans [20, 78] . Such events cannot be foreseen and because all serovars are considered to be potentially pathogenic for humans [8] , there is little scientific support for a Salmonella-control policy in feed that is limited only to certain serovars. The importance of control of Salmonella in the feed and of the breeding animals is indicated by the fact that the existence of such controls probably was the reason why the Swedish poultry production was not involved in the worldwide spread of S. enteritidis in the late 1980s [79] .
The relatively low occurrence in animal feed of serovars most frequently causing food-borne illness in humans has often been used as an argument against the potential importance of feed as a source of such infections. However, that argument is fallacious and seems to neglect that even an uncommon Salmonella following a per oral ingestion of an animal causes an active infection, often with a rapid multiplication of the microbe in contrast to being a passive contamination in the environment, feed, and in the subsequent food chain [44] . In fact, the same message was given already in 1969 by a United States Department of Agriculture (USDA) Committee on Salmonella, which concluded that this discrepancy in the assessment probably has contributed more than anything else to the fact that effective action has not been taken to control contamination of feed [80] .
Cost for control of feed
In contrast to available data on how to prevent and control Salmonella contamination of feed, there is a considerable gap of published data on the actual cost of those actions [81] . It is currently also important to fill out that gap when considering that the costs, although unspecified, are sometimes used as an argument against implementing a control [73] .
In a recent study, the total extra cost achieving a Salmonella-safe compound feed, when such a control is established, was estimated at 1.8-2.3 € per ton of feed [82] . Of that cost, 25% relates to the prevention of Salmonella-contaminated high-risk vegetable feed materials (mainly soybean meal and rapeseed meal) from entering feed mills, and 75% for measures within the feed mills. Based on the feed formulations applied, those costs in relation to the farmers' 2012 price for compound feed were almost equal for broilers and dairy cows (0.7%). Due to less use of protein concentrate to fatten pigs, the costs were lower (0.6%). These costs interestingly also include costly events to decontaminate a whole feed mill in case of serious contamination. However, because the cost is split on the large volumes produced the relative cost in relation to the feed price is surprisingly low. These estimations should be of general value since the feed production generally includes the same technical approach in most countries and the price for feed materials and compound feed follows the global prices on feed commodities. These limited costs suggest that recommendations by FDA (Food and Drug Administration) already in 1991 [83] as well as later [83] to enforce a Salmonella-negative policy for animal feed are realistic and economically feasible to prevent a dissemination of the pathogen to animal herds, their environment, and potentially to human food products.
Conclusion and future perspective
The initial strategy to prevent human food-borne salmonellosis at the consumer levels by good hygiene and safe cooking was insufficient [84] . Instead, the annual increase in the incidence of human food-borne salmonellosis that was generally observed since around 1950-1960 continued until the S. enteritidis pandemic in the end of 1980s initiated more active control of Salmonella in poultry in the EU and elsewhere [20, 78, 85] . In the EU, that control which focused on actions at the preharvest level is found to be the reason to the significant shift to a decreasing trend of the human incidence of salmonellosis [20] . However, due to less effective interventions in USA food-borne salmonellosis in 2011 is still one of the few food-borne pathogens for which illnesses have not significantly declined over the past 10 years [86] . In the EU, the control of Salmonella will be extended to other food animals, starting with pigs. In addition, the traditional meat inspection procedures are under review in the EU guided by the need to improve food safety against today's major food-borne zoonotic agents such as Salmonella, with addition of preharvest controls.
Substantial efforts will be required to reduce the Salmonella prevalence in herds of pigs and cattle. It would therefore be logical and probably most cost-effective to start this process by efforts to prevent animals from becoming infected through their feed, as well as through the breeding pyramid, and so apply the top-down approach that has been a successful concept for the control of Salmonella in poultry [7, 40] . Because important feed ingredients often are contaminated, stringent efforts to control Salmonella have to be implemented at the crushing plants and feed mills. A HACCP-based quality control system to ensure freedom of Salmonella contamination of feed ingredients and compound feed on the market would enable farmers Soybean -The Basis of Yield, Biomass and Productivity 206 to minimize the risk of introducing Salmonella through the feed. That approach would also be necessary to avoid Salmonella-contaminated feed jeopardizing their efforts to eliminate Salmonella at the farms.
As described in this review, long-term experience has shown that it is possible to produce feed that is free from Salmonella. In many countries, monitoring of Salmonella in feed and animals has also provided substantial experience on the epidemiology relating to the occurrence of Salmonella in feed. The cost for the production of Salmonella-safe feed materials and compound feed has also been estimated to be <1% of the farmers' feed cost when such a control is established. The missing point seems to be the lack of stringent regulatory or economic incentives needed to combine improved monitoring with appropriate interventions. A proactive policy would help avoid urgent actions that might be imposed if new highly virulent serovars such as S. enteritidis should occur as an emerging threat to animal and public health in the future.
